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RESEARCH MEMORANDUM

DAMPING IN ROLL OF A MISSTLE CONFIGURATION WITH
A MODIFIED TRIANGULAR WING AND A CRUCIFORM
TATIL AT A MACH RUMEER QF 1.52

By Richard Scherrer and David H. Demnnis
SUMMARY

The damping—in—roll stability derivatives of a missile configuratim
and its components were determined both experimentally and theoretically.
The tests were conducted at a Mach number of 1.52 and at a Reynolds num—
ber, based on the mean aerodynamic chord of the wing, of 0.82 X 108.

The experimental damping derivative of the wing-body combinastion was
67 percent of the theoretical value. The difference is believed to have
resulted mainly from the fact that the theory is not strictly appliceble
when the Mach number normal to the leading edge is almost unity, which
was the case in the present investigation. For the tail-body combination
the demping derivative was 86 percent of the theoretical value. In this
case, the difference is believed to have been caused partially by matual
interPerence between the tail surfaces and partially by the low Reynolds
number of the flow over the tail. It was found that the damping of the
complete configuration was not equal to the sum of the damping deriv—
atives of the components hecause of the effect of the wing downwash on
the damping of the tail.

INTRODUCTION

The resistance to roll, or the damping in roll, is s major factor in
determining the dynamic lateral stability of an ailrcraft and therefore
mist be predicteble with good accuracy. Values of the demping—in-roll
stebility derivative for 1solated wings have been celculated by the use
of linearized theory for a variety of wing plan forms (references 1, 2,
and 3), and experimental investigstions have been conducted with wings of
trienguler end rectenguler plan forms (references 4, 5, and 6). The
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effect of a body on the theoretical damping—in—roll coefficient of an,
isolated wing has been treated in references 7 and 8. It was found thsat,
for both subsonic and supersonic wing leading edges, the presence of a
body, the diameter of which is less than ome—third of the wing span, has
a smell (less than b percen'b) effect on the damping coefficient of the -

wing.

The prediction of the damping of a complete configuration hsving a
wing and a tail, however, 1s complicsted by the influence of the wing on
the flow over the tail, and thus the damping derivatives of components
cannot be added directly to obtain the demping of the complete configura—
tion. The present investigation was undertaken to measure the damping—
in-roll cheracteristics of a missile configuration and its components and
to compare the results with linesxrized theory.

The experimental investigation was made at the request of the U. S.
Air Force , and the model, the strain-gage balence , and the model—epinning
apperatus were supplied by the Boeing Airplane Company. The wing-body
combination of the present investigation was identical to that used in
the lastersl—control and dihedral-effect tests reported in reference 9.

NOTATION
b wing epan, 4.74 inches
. L .
¢, rolling—moment cosfficient ((—iﬁ) s Gimensioniess
Cy ' Gamping—in—roll stability derivative l: __?_C_}._ :l ,
P dimensionless o(pb/2v)
c local wing chord, inches
[ wing meen serodynamic chord, 1.86 inches
fb/2 .
2
- _ o c dyb
C = ———
b/2 - .
/:, ¢ ayy,
d distance from wing trailing edge to tail leading edge at the

tail mean aerodynamic chord
E'(BC) complete elliptic integral of the second kind with modulus
1-B=c2
SOy
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Fr(pC) complets elliptic integral of the first kind with modulus

A/ 1-82C2

L rolling moment sbout body axis, inch—pounds
(Positive moments are clockwise when the aircraft is viewed
from the rear.)

M Mach number, dimensionless

P local lifting pressure on wing, pounds per square inch

D angular velocity of roll, redians per second

q Pree—stream dynamic pressure, pounds per square inch

T radius from 3 to y?!

;Re Reynolds nunber based on wing mean aerodynsmic chord,
dimensionless : :

s total wing ares (including that within the body),
8.78 square inches

v free—stream velocity, inches per second

w ’ downwash veloclty perpendiculsr to radius r at the tall surface,
inches per second

w! downwa:i velocity perpendiculer to tail surface, inches per
Beco

X,¥,2 coordinates relstive to wing vortex sheet with origin at wing

apex

X1, streamwise distence from wing apex to any point on wing leading
edge

X‘JJ streamwise distance from wing apex to any point on wing tralling
edge

b spanwise coordinste in wing—chord plans with origin at wing apéx

Y1 varleble point of integration in y direction at tail

yt,z? coordinate system at the tail where y' &and z' are the
spanwlise axes of the cruciform tail

SM. .
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B M2 . _ o _ o _
T local circulation on wing, inches §quar_e£1 per second -
€ half of wing apex angle, radians

n Mach angle <u = gin L %), degrees

P alr density in free stream, slués per cubic inch

APPARATUS

The experiments were performed in the Ames 1— by 3—Ffoot supersonic
wind tumnel No. 1. This closed-circuit varisble—density wind tummel is
equipped with a nozzle having flexible top and bottom plates which can
be shaped to give test section Mach numbers between 1.2 and 2.4. Ths
absolute total pressure in the wind tumnel can be varied from 1/5 of an
atmosphere to sbout 3 atmospheres depending on the Mach nunber and the o
ambient air temperature. The sir in the wind tunnel is dried to an abso—
lute humidity of 0.0001 pound of water per pound of dry air in order to -
make the effects of condensetion in the nozzle negligible.

The model used in the tests consisted of a body of revolution that
hed an ogival nose and a fineness ratio of 16 in combination with a
modified triesnguler plen—form wing and & cruciform tail. The important
dimensions of the model are given in Ffigure 1. For the present tests
the wing and ailerons were set-parallel to the body center line. The
0.01—inch—wide geps at the wing—body and wing—eileron Junctures were
unsealed because it was assumed that their effects would be small at zero
Incidence end zero aileron angle. The wing leading—edge sweepback asngle
was s8lightly grester then the complement of the Mach angle at the test
Mach number, 1.52, but the taill sweepback angle was less than this angle,
as shown in figure 1. The wing, which was demountsble, and two after
bodies, one with tall surfaces and one without, were used in three com—
binations (body plus wing, body plus tail » and body plus wing plus teil)
to obtain the desired data. The model was attached to a sting—type sup—
port, and the sting was mounted in ball bearings so that the model and
sting were free to rotate about their longitudinal axis. Rotation of the
model was produced by a two-bladed windmill shown in figure 2. The angle
. of the blades could be sdjusted to obtain different rotationsl speeds.
The rolling moment, or the demping in roll, was measured by electrical— .
resistance strain geges mounted within the sting nesr the forward end. _
The electrical commections to the strain gages passed through slip rings -
which were located at the rear of the bearing housing. (See fig. 2.) :

=



NACA RM A51A03 SNSRIk 5
TESTS

The damping moment of each of the three model configurations was
measured at several rolling velocities to determine the demping—in—roll
stebllity derivative C’zp. All the tests of the present investigation
were conducted at a Mach nunber of 1.52 at an absolute total pressure of
18 pounds per square inch. The Reynolds number of these tests, based on
the mean asrodynamic chord of the wing, was 0.82 million.

The straln—gage balence was calibrated statically in the wind tunmel
Just prior to the tests and zero—load readings were made before and after
sach test as a contlnuous check on the instrumentation. The rotational
speed of the model wes measured by calibrated stroboscopic light and the
rolling moments and rotational speeds weré measured simlteneously. The
tests were conducted at rotational speeds ranging from 2000 to 4000 rpm.
In addition, the body-wing—tell comblnatlon was tested at zero rota—
tiocnal speed to determine the static rolling moment due to model asymmetry
and variations in the wind—tunnel air stream.

The body of the model was so long that the conical bow wave, when
reflected from the wind—tunnel side walls, passed between the wing and
the tall. It is believed that this reflected shock wave had a negligible
effect on the damping derivatives becduse the wave was initially weak
and 1its effect was further reduced by being reflected from the flat walls
of the wind tunnel. Although some small asymmetries existed In the model
and the air stream, the damping derivatives are not affected because even
though the verticel positions of the curves (szs Tb/2V) are altered by
such irregularities the slopes remain unchanged. ZEstimates of the errors
in measurement in each of the varisbles entering into the presentation of
the data are glven in the following table:

Estimated
. Varilasble orTOr
c, +1,5 percent
D +20 rpm

pb/2V | #1 percent

M 0,01

c, 2 percent
b

Re 120;000
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RESULTS AND DISCUSSION

The experimental values of rolling-moment coefficient for the three
confilgurations ere shown as functions of wing~tip helix angle in figure 3.
The three lines in figure 3 do not pass through the origin, indicating
that soms esymmetries existed in the models and the air stream. The
results and the comparisons with linearized theory will be discussed
separately for each configuration.

Wing-Body Combination

Theoretical results shown in references 7 and 8 indicate thet the
demping derivative for wing-body combinsbions should not very with rate of
roll pb/E¥ for a given model at a given Mach number and indicate that
the body of this test should have a megligible effect on the denmping of
the wing. The date for the wing-body combination, which is presented in
figure 3, appear to lie along a line of constant slope, and it is beliewad
that the damping derivetive of the combination is constant within the

test range of wing—tip helix angles. .

The thepretical damping—in—-roll derivative of the wing alone was
calculeted by the method given in referemnce 1 assuming the rsked—in tips
to be located along Mach lines. The theoretical and experimental wvalues
are noted in table I and show the value of the experimental damping deriv—
ative to be 67 percent of the theoretical value. The difference is
believed to be due to the Pfact that the wing leading edge and the Mach
cone from the wing apex wers salmost coincident at the test Mach number
( consequently the velocity component normsl to the leading edge was in
the transonic regime). ILdinearized theory does mnot include the effects of
the transonic flow near the wing leading edge and therefore camnot be
expected to give accurate results at these test conditons. The rather
low Reynolds number of the tests (0.82 x 10°) also may have contri'buted
to the dlfference between theory and experiment.

The effect on the damping derivative of the proximity of the wing—
apex shock wave to the leading edge is shown by the date for triangular
wings presented in reference 4. In these tests, the experimental values
of the derivatives were sbout 10 percent less than the theoretical values
when the wing-epex shock wave and the leading edge were far from colnci—
dent, but when they were elmost coincident the difference between the
+theoretical and experimental values incressed from 20 to 25 percent. Tie
Reynolds numbers of these tests at the Mach number (1.62) at which the
leading edge and the apex bow wave were meerly coincident were almost the
gsame as the Reynolds number in the present tests. If the differences in
the models in the two lnvestigetions are considered, the results appear

to be in agreement.

QONMBERE ALy,
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Because of the complexity in calculating the exact damping—in—roll
stability derivative of trienguler wings with cut—off tips, several short—
cut methods were considered. The most obvious simplification when the
change in wing area dus to the wing—tip modification is small is to ignore
the change from the original triangulsr wing and use its damping deriv—
ative in stebility calculations. The theoretical damping derivative of
the wing alone was calculated for actusl plan form and the triangular plan
form, and the results are shown below:

1. Considering effect of the raked—in wing tips, CZP = -0,287
2. Ignoring effect of wing~tip modification, CZP = -0.280

The change in wing srea due to the modification amounted to 6 percent of
the wing area, and it is apparent from the foregoing comparison that the
corresponding chenge in the demping—in-roll stability derivative is small.
It should be remenmbered, however, that in the calculastion of the rolling
moment (L) and the rolling-momsnt coefficient (C;) from the stebility
derivative (CZP) the actual wing spen and area mmst be used.

Tail-Body Combination

Data for the taill-body combination could only be obtained in a nar—
row range of rotational speeds because the model vibrated severely out—
side this range. A straight line was drawn through the data points
(fig. 3) and it was found that the sum of the ordinstes at zero rate of
roll for the wing-body and tail-body combinations is almost equal to the
corresponding ordinate for the complete configuration. This fact tends
to substantiate the belief that the experimental value of the dsmping
derivative 1s constant.

Although the change in tail area due to cutting off the tips in a
streamwise direction was small (approximstely 4 percent of the tail area),
the modification results in a loss of 1ift in the tip region of the
remaining portion of the tail, As a result of this additional loss in
1ift, the assumption that the damping derivative was that of a triangular
wing does not seem likely to be as satisfactory for the tail as it was
for the wing. The theoretical deamping derivative of the taill was calcu—
lated by using the data for triangular wings given in reference 2 but with
the following corrections for the effect of streamwise tips. The pressure
distribution in the vicinity of the tip of the full triangular wing was
computed and the amount of damping due to the load on the cut—off tip was
determined. The effect of the streamwise tip on the pressure distribution
on the tail within the Mach cone from the tip leading edge was approxi-—
mated by arbitrarily assuming the spanwise 1ift distribution to fall
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linearly from the value at the Mach coms to zero at the tip. The damping
moments of these two reglons were subtracted from the damping moment of
the complete trianguler plan form and a new damping derivative was calcu—
lated based on the actusl tail span and area. This derivative, for four
tail £ing, wes based on the total tall area and amounted to -0.316

while the damping derivative of the corresponding triangular surfaces was
-0.291. The agrecment between these values is not as good as for the
wing perhaps because the good agreement obtained with the wing was fortu—
itous. : - :

The theoreticel damping—in—roll derivative of the tail alone, when
based on the wing span and ares, is -0.,132, As shown in teble I, the
exporimental value is 86 percent of the theoretical value for the wing—
tail conbination. Part of the difference between theory and experiment
is believed to be mutual interference between the taill surfaces., A theo—
retical investigation of this effect for wings swept well within the Mach
cons is reported in reference 10. This theory indicates that for slender
wings the interference reduces the damping derivative by 19 percent. In
the present experiments, however, the leading edges of the tall surfaces
were swept ashead of the Mach cons from the apex. As a result, the inter-
ference effect should be much less than that for a highly swept cruciform
wing because the fraction of the wing area over which the interference
can occur 1is less.

The results of tests of a single wing, with a triangular plen form
and with the same location of the wing leading edge relative to the apex
Mach cone as that in this test, are reported in reference 4. The tests
were conducted at s Reynolds number similar to that of the present tests,
0.51 X 10% based on the tail mean serodynamic chord, and the results
Indicete a difference between theory and experiment of 10 percent. "'

Wing-Taeill-Body Configuration

The sum of the experimental damping derivatives for the body—wing
and body-teil combinations, as noted in table I, is" -0.303 while the
damping derivative of the body—wing—tsil combination is —0.2’-1-0.. The dif-
ference between these two values is primarily due to the effect of the
downwash field of the wing on the flow over the tail surfaces. The sum
of the theoretical demping derivatives of the components (-0.41h4) is 70
percent greater than the experimental value for the complste configuration
(—0.240) because of the addition of the differences between theory and
experiment for the components to the wing—taill interference effect.

In an attempt to account for the effect of the wing downwesh 6;1 the
damping derivative of the tail, a method of calculating the velocity field

CONFEDEN T -
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et the tail has been derived and is given in deteil in the appendix.

The method consists of computing the downwash normasl to the tall sur—
faces by using the theoretical, nondimensional, span load distribution
on the wing end by assuming that the trailing vortex sheet from the wing
remeins plane st the tail. The coordinate system (in & plane normal to
the body axis st the tail) that is used in the analysis is shown in

figure k.

If the theoretical, span load distribution is adjusted to correspond
with the experimental damping of the wing, the downwash field at the tall
can be computed with good accuracy within the limits imposed by the
assumption of & plane vortex sheet. This assumption is apparently not as
gross as might be expected, at least for the case of four tail surfaces,
because it was found that the average downwash perpendiculesr to the tall
surfaces at any spanwise position varied by only 10 to 15 percent through
the range of possible positions of the vortex sheet relative to the tail
planes. For this reason, it is expected that the average downwash over
the tail would be changed only slightly by the rolling up of the vortex
sheet that actually occcurs.

The distribution of the downwash existing at the two tall planes,
based on the theoretical damping derivative of the wing, is shown in fig-
ure 5 along with the local velocity dus to roll. The average effective
velocity distribution (difference between curves I and III in fig. 5) was
obtained by assuming the theoretical curve to be continuous through the
origin rather then discontinuous. This assumption with a wing mounted in a
body is believed to be more reasonsble than the theoreticel curve for the
wing aloms.

Since the effective velocity distribution is nonlinear, the problem
of determining the exact change in demping of the teil is extremely com—
plex. For thls reason, it was assumed that the effective velocity dis—
tribution could be linearized to give & velocity distribution such that
the ares bemesth the linear distribution curve (curve V in fig. 5) and
the area bemsath the curve for the more exact distribution (curve IV in
fig. 5) would be equal, With this assumption, the correction to the
damping of the tail becomes, as shown in figure 5, the ratio of the ordi~
nates of curves I and V.

It is possible that the accuracy of the method could be improved by
use of a secondary correction based on the differences between curves IV
and V in figure 5. Such a correction would probably he based on the prod—
uct of the local tail chord, the spanwise moment arm, and the local dif—
ference between curves IV and V. However, the effects of the local tail
chord and the spanwise moment arm are opposite and almost equal, therefore
such a corrsection would be small for the present configuration and has
been neglected.

«EONRSRENTTAL o
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Although 1t 1s very approximate the primary correction, when based
on the experimental demping derivative of the wing, accounts for 63
percent of the effect of the wing downwash on the damping in roll of the
tail. As shown in teble I, the sum of the damping derivatives of the
body—wing conbinstion and the corrected experimental dsmping derivative
of the body-tail combination is only 10 percent greater than the measured
value for the complete configuration.

CONCLUSIONS

The results of an investigation of the damping—in—roll characteris—
tice of a missile configuration and its components apd a theoretical N
investigation of the influence of the wing downwash on the damping of the
tall in steady roll lead to the following conclusions:

1. The damping—in-roll derivative for the wing—body combination
tested was found to be only 67 percent of the theoretical value, probably
because of the proximity of the wing apex Mach line to the wing leading
edge.

2. The experimental demping—in—roll derivative of the tail-body
conbination was 86 percent of the theoretical value. The difference is
believed to have been caused partially by mutual interference between the
tall surfaces and partially by the low Reynolds nunber of the flow over
the tall.

Ames Aeronsutical Laboretory,
National Advisory Committee for Aeronsutics,
Moffett Field, Calif.
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APFENDIX
CALCUIATION OF THE EFFECT OF WING DOWNWASH ON THE
VELOCITY FIEID AT THE TATL OF AN ATRCRAFT

IN STEADY ROLL

In ordsr to predict the demping in roll of an aircraft, the damping
cheracteristics of the wing alone and tail alone must be known. The
change in velocity distribution hormsl to the tall surfaces resulting
from the presence of the wing can be calculated from the load distribution
on the wing, and the change in velocity can be used to obtain a correction
to the tail-elone demping in roll. This method is dependent upon the fol—
lowing major assumptions in addition to those normelly made in linsarized

wing theory:

1. The helical trailing vortex sheet from the wing remains straight
in all transverse cross sections (does not roll up at the edges) and its
longitudinasl axis is not displaced from the longitudinsel axis of the wing.

2, The spenwise downwash distribution st the taill can be linearized
(w'=kyt!) so as to obtain an effective rate of roll.

A diagram of the coordinate system (in a plane normsl to the body
axis st the tail) that is used in the following analysis is showm in
figure 4. The induced velocity w at any point y,z is the summation
over the span of the vortex sheet of the velocities induced by the elemen—
tal trailing vortices, or, in’dlfferential form

o = 12 o5, (1)

The induced velocity w' normal to the tell chord plene st any spanwise
station on the tail y! when the cosine of the angle ¢ (fig. 4) is
evaluated becomss

- _ 1 pb/zar i £ )

It should be noted that
y! = y/cosA (3)

«BSlNSRIREIAL
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where the arigle A 18 the angular displacement of the taill relative to
the vortex sheet from the wilng and its value 1s given by the equation

. 180 pd
A =)+5°i = 7 (%)

where @& 1s the distance from the wing trailing edge to the leading edge
of the mean asrodynamic chord of the tall.

The rate of change of circuletlon with spanwise position dI‘/dyl
can he obtained from the following equation based on the span load dis~—
tribution of the wing:

- d;i L7 (8) w) )

where A'P/q is the locel lifting pressure coefficient at a point x,y’
on the wing with the origin of the coordinate system at the wing apex.
This coefficient for a rolling triangular wing with subsonic 1ea.ding
edges 18 given in reference 3 by the following equation:

AP _ LxpC20 (6)
q

_ [H C m1(pc) — - BZCZF (Bc)} 0%
l—B C 1~-B C

vhere € is equal to yi/x

For e triasngular wing at the test Mach nunber and with the same
leading—edge sweepback as the wing of the present investigatlion,
equation (6) becomes:

Xy1
4/0-729; —¥a

Substitution of equations (3), (5), and (7) in equation (2) gives the
relation:

. 1.24k6p —/"-"/2< f xy1 > ( ¥ %=y1y"cosA ) iy
wtl =
byt aya V0. 1293+, y'2-2y.1y cosn+y1® *

X1,

= 1.246

ap
q

<

6

(8)
oM
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Since the demping derivative of the wing plen form used on the model
has been shown to be almost equal to that of an equivalent triangular
wing, it is reasonsble to use the geometry of the triangular wing to _
obtain the downwash distributior normsl to ta.il planes. With this aprox—
imation, equation (8) becomes

/2 / 0.942y,2
w! = 0.1982 = /b [(3 53-0.471y, 2 /2 — = :l
7' Ja/e * (3.53-0.471y,%)*/%

¥y'P—ytyicosA . _
<y‘2—2y'ylcos ?\+712> W1 (9)

The downwash fleld at the tail is obviously a function of the angle A
and therefore the downwash effect for one of the tail planes, as can
be seen from equation (k4), varies with the rate of roll p. For cruci—
form tails, however, the average downwash effect is almost independent of
the rate of roll because the changes in downwash at each tail plane are
compenseting. This compensation should increase for talls with more than
four fins, but should decrease with a decrease in the number of tail fins.
It should be noted that the rolling up of the vortex sheet that actuslly
occurs quite rapidly with low-espect—ratio wings will affect the downwash
distribution at the tail. However, the effect of the rolling—up of the
vortex sheet on the damping of the tail should decrease with an increas—
ing number of fins.
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TABLE I

COMPARISON OF THECRETICAL AND EXPERIMENTAL. DAMPING—IN-ROLL DERIVATIVES

c¢ Cc
iy lpexp References
for theory

Configuration

T,
[Experiment | Theory Ptheo_rry

(1) Body-swing -0.194 | —0.287 67 % 1eand 7
(2) Body-tail —.109 —.127 86 % 2 and T

(3) (Body—wing) + —.303 -k - ——
(Body—tail)

(%) Wing-body—tail| —.240 - - —-——

(5) (Body—tail)
Corrected —.069% | —.053 - - 2, 7, and
for wing appendix A
downwash .

(6) (Body-sring) +
Corrected
for wing
downwash

(Line 1 +
line 5)

Note: All damping derivatives are based on wing span and area.

¥ The theoretlcal correction is bssed on the experimental damping

of the wing,
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Figure 2.— Sting-and-model support housing,
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Figure 3- The damping-in-roll characteristics of a missile
configuration and ifs components.
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Figure 4. - Coordinate system for calculation of the effect of the wing
downwash on the damping in roll of the raoil.
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Figure 5.- Wing downwash -velocity correction fo the theoretical
damping in roll of the tail of a missile based on the

theoretical damping of the wing.
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